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CHAPTER 1

INTRODUCT ION

Ever since man invented the lens and thus had a means of

producing an image of the real world, there has been a problem of

characterizing the quality of that image. With the advent of photo-

graphy and, later, television, the problem of characterizing "image

quality" in a meaningful fashion has increased tremendously. The

primary objective of this dissertation is to investigate and evaluate

dipplay system "figures of merit" (FOM's) that can be used to indicate

the image quality of television systems.

There are two approaches that can be taken toward determining

functional image quality: subjective and objective. The subjective

approach compares analytically derived measures of image quality with

the subjective assessment of image quality as determined by human

observers. The objective approach compares the analytically derived

image quality measures with a performance variable associated with a

particular observer cask. Typical performance variables are response

time, number of correct responses, size of target at recognition, and

slant range (distance) to target at recognition/detection (see

Appoendix A). Almost all observer tasks involve recognition, detection

.. . ... . . ,** 'h



or identification of some type of target. Targets may be real objects
I.,.

such as vehicles, buildings, or faces, or they may be artificial much as

trn-bar patterns, rectangles, or sine waves.

The typical objective image quality assessment study investi- •j

-° gates the effect of two or three display variables on the image quality

measure being considered and the resulting observer performance.

Table 1 shows a listing of parameters used to describe a video display

system.

There are two basic subcategories of objective image quality

assessment studies: 1) studies which employ a method tntended to

predict absolute observer performance levels, 2) studies which compare

the correlation of a generalized FOM with observer performance. The

first type is more difficult and is typically applied to artificial

targets. The second type provides a relative measure of image quality

(if it is successful) but does not give inforniation as to the absolute

performance level that can be expected. This dissertation primarily

addresses the second subcategory.

It is apparent from the vast number of combinations of target

type, observer tasks, display variables, and display typeb that it is

nearly impossible to make meaningful comparisons among studies found in

the literature. Nevertheless, Chapter 2 of this dissertation provides a

4 summary review of the literature and attempts to evaluate and compare

the various FOM's proposed therein.

2A



Table 1. Television display system parameters

Geometric Electronic Photometric I -.'

Viewing Distance Bandwidth Luminance - . .

Display Size Dynamic Range Gray Shades

Aspect Ratio Signal/Noise Contrant Ratio

Number of Scan Lines Frame Rate Ralation

Interlace Ratio Field Rate Ambient Illuminance

Scan Line Spacing Color

Linearity Resolution

Spot Site

MTF

Luminance Uniformity

Gama

To define an area that can be reasonably investigated ika this -

dissertation, only display systems operating under relatively l.ow noise

level conditions are considered. Even within this defined arec it is

found that no investig'.tion has attempted to apply more that three FOM's

to the same observer performance data to determine which one yields the

beat correlation. Chapter 3 provides a brief discussion on each of the

FOM's under consideration. Chapter 4 describes a target detection and

target recognition study that was done to providi baseline performance

data for comparing the FOM's. Chapter 6 describes a previous target

3J



[F
recognition study that compares the performance of subjects in that

experiment to the calculated values of each of 18 FOM's., A discussion

of the concept of FOM's and a target recognition model are provided in

Chapter 6. The conclusions are given in Chapter 7.

There are several terms with which the reader may not be familiar

or that may have multiple meanings. To minimize the possibility of

confusion, the following list of teems and definitions is provided:

Area-type FOM: If the FOM is calculated by finding the area under a

-* curve, it is referred to as an "area-type" FOr. The most

common of these is the modulation transfer function area (MTFA)

which is defined as the area between the MlF of the display

system and the visual contrast threshold function.

Bandwidth: Bandwidth is defitted as the width of the band of frequencies

that a system is capable of transmitting. For display systems

this can be defined in either electronic temporal frequencies or

the corresponding spatial frequencies. Since the televislon

image is produced by a single scanning spot of light, the

temporal frequency bandwidth and the spatial frequency bandwidth

are directly related. If the MTF is Gaussian, then the band-

width can be specified by a bingle number. This number is the

frequency at which the modulation transfer factor is 0.5. This

corresponds to the point at witch the output signal is reduced

€4
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by 3dB, or 50 percent, with respect to the input signal (see

definition of Gaussian MTF).

Contrast: There are many definitions of cont;rast; only one in used

throughout this dissertation. Contrast is defined as the

maximum luminance minus the minimum luminance divided by the sum

of the two. This term is used interchangeably with the terms,

""1modulation" and "modulation concrast" and is denoted by the
1 ,

symbol M.

Contrast ratio: This is defined as the ratio of the maximum luminance

to the minimum luminance. It is not the same as contrast but is

related to contrast by the following equation:

Cr I ()
"1 .

where

Cr - contrast ratio

M - contrast (or modulation)

Contrast sensitivity function: The reciprocal of the contrast threshold

function.

Contrast threshold function: The eye requires a certain minimum level

of contrast before it is able to detect the presence of a

spatially varying mine-wave pattern. This level depends on the

spatial frequency of the sine-wave pattern. The level of contrast

. "_- ' '';;'' i •.I . :' .. _ _ -...••. •..• . -. . . . . . . . .-. . .. .. K I



required for an observer to detect the presence of the pattern

with a 50 percent probability level, described as a function of

angular spatial frequency, is defined as the contrast threshold

function.
• Correlationt The correlation coefficient, r, ranges in value from

fr r 0, indicating no relationship between the two variables to

r * ±l, indicating a perfect linear relationship between the two

variables. The negative sign corresponds to a negative sloping

line and the positive sign to a positive sloping line. The

equation used to calculate r, is discussed in Hathematical

Statistics by J. E. Freund (1962).

Frame ratei This is the rapidity with which the video picture is fully

updated. For standard commercial television this is 30 frames

(or pictures) per second.

Modulation: see contrast

Modulation contrast: see contrast

Modulation factor: see modulation transfer factor

Modulation transfer factor: Thb modulation transfer factor is the ratio

of the modulation at the output to the modulation at the input

of a systom for a particular spatial frequency sine-wave

pattern. This is denoted by the symbol M.

Modulation transfer function: If a sine-wave pattern is imaged through

a linear display system, then the resulting image is a sine-wave

pattern that may have a different modulation from the original.

III



The ratio of the modulation of the output sine-wave pattern to

the modulation of the input sine-wave pattern is the modulation

transfer factor. The curve describing this factor as a function

of spatial frequency is the modulation transfer function, or

MTF. This function is identified by the symbol M(w). The

MTF is strictly defined only if the display system is linear.

However, for systems that depart only slightly from linearity,

the concept of MTF is still useful. Such is the case for the

application of the MTF concept to video displays. A Gaussian

MTF is defined by the following equation:

M ) -*e"0.693 o (2)

where

M,(w) - modulation transfer factor

w = spatial frequency variable

wo w bandwidth

Defined in this manner the value of M (w) is 0.5 for w -w.

Thus w• is the bandwidth of the display.

Scan line: A video picture is typically made up of a number of

horisontal lines that are "painted" on the phosphor of the

television display. This is done by an electron beam inside the

cathode-ray tube that scans across the display. Each of these

lines of picture information is called a scan line. This is



not the same as the number of TV lines, which is a measure of

resolution.

Sine-wave pattern: This is a two-dimensional pattern with a luminance

distribution in one dimension that varies as the sine of the'•

coordinate of that dimension plus an average luminance value.

There in no luminance variation in the orthogonal dimension.

Spatial frequency: Thera are three distinctly different spatial

frequency parameters. The distinction is sufficiently important

that each of these is represented by a different symbol to avoid

confusion. Each ham its appropriate use in describing display r•

system.$

Angular spatial frequency, w. This quantity is measured

in units of cycles per degree. This indicates the number of
cycles of a periodic pattern that subtend an angle of one degree

as measured from a particular viewing distance. It is typically

used when one in interestel in relating to vision or visual

characteristics. The contrast sensitivity function and the

contrast threshold function are expressed in terms of this

variable.

Linear spatial frequency. There are two ways of charac-

terising linear spatial frequency: in units of cycles per unit

length or cycles per display width. The first indicates the
number of cycles of a target pattern that are contained in a

specified unit of length such as an inch or centimeter. This

"A.
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I.
is denoted by the symbol "f", and is commonly used in optics and

photography. This type of measure corresponds to the density of I
information that can be transmitted through the display system.

The second is generally used in television and denotes twice the

total number of cycles (number of TV lines counting black and

white lines) that are contained along a raster line, across the

full width of the display, regardless of the actual display

size. This variable is indicated by N, defined an the number of

half-cycles across the display width.. This measure is appro-

priate for relating to the total information the display is

capable of transmitting.

These three spatial frequencies are relatud according to

the following equations:

Nfm
2W

W a • arc tan

where

f - linear spatial frequency (cycles/unit length)

N - linear spatial frequency (half-cycles/display width)

w - angular spatial frequency (cycles/degree)

W - display width

D - viewing distance



The equation for w gives the angular spatial frequency for the

center of the display only if the display surface is perpen-

dicular to the observer's line of sight.

Square-wave pattern: This is a two-dimensional pattern in which the

luminance distribution varies as a square wave in one dimension.

It appears as a series of equal width, alternating bright and

dark bars.

Transfer factor: see modulation transfer factor.

TV lines per picture height: This is a linear spatial frequency measure

developed by Schade (1953) that corresponds to the maximum

number of square-wave half cycles (black or white bars) that can

be resolved along a distance on a display equal to tho height of

the display. Also, referred to as TV lines resolution. It is

denoted by Nh.

'I

V" -
1.?

I16.



V iCHAPTER 2

LITERATURE REVIEW

The most widely used measure of display quality is limiting

~ -resolution. Even with the advent of more elegant display measurements

such as the modulation transfer function (MTF). display users still

resort to limiting resolution as a means of specifying the required or

actual display quality (Brock, 1967). Several test patterns have been

developed to directly determine the limiting resolution of an imaging

system. Figures 2.1 and 2.2 show two such patterns. Figure 2.1 is the

Electronic Industries Association (EIA) Resolution Chart (formerly

RETMA chart) developed specifically for use with television systems, and

Figure. 2.2 in the 1951 standard U.S. Air Force trn-bar target pattern.

The wedge shaped patterns of the EtA chart are used to directly

determine the limiting resolution of the display system in units of TV

lines per picture height. Two TV lines correspond to one line pair or

cycle of the bars making up the wedge pattern. The point at which the

bars of the wedge pattern are no longer individually distinguishable is

the limiting resolution of the display system. Normally the procedure

requires that the observer making the resolution determination is

sufficiently close to the display that he is not vision limited. Thus,

the resolution measure is strictly a characteristic of the display
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i FPig. 2.2. U.S. Air Force 1951 trn-bar resolutiun target
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system. However, if the observer is required to view the display from

the same distance at which the display will be used operationally, then

the resolution measure is determined by a combination of the display

system capability and the observer's visual system. This second method

is seldom used but it should provide a more reasonable resolution value

since it is a result of the complete display/observer system.

The Air Force tir-bar target pattern is divided into seven

groups of six elements. Each spatial frequency is represented by a

three-bar pattern oriented vertically and a three-bar pattern oriented

horizontally. The resolution of the imaging system is determined by the I
Z smallest tri-bar pattrcn that can be resolved into its three bars. This

I limiting reiolution is then specified in terms of the group and element

of the "ju.4t resolvable" tri-bar,

Both of these methods of determining limiting resolution require

a subjective assessment from the observer as to whether or not a pattern

is "resolved," This is not always an easy judgment and can lead to

considerable variability in resolution measurements due to individual

differences between observers. There is an alternative approach

(Snyder, 1974a). Limiting resolution can be determined by making use

of the MTF of the system in conjunction with measurements of the human

visual contrast threshold curve (Campbell and Robson, 1968; Depalma

and Lowry, 1962).

The MTF of the display system indicates the system's capability

to transfer contrast from the input scene to the output image as a

13



function of spatial frequency, An such, the MTF itself does not define

a contrast level at the output of the display unless an input contrast

has been specified. For all of the FOM's that use the MTF in conjunction

with the visual threshold function, tbere is an implied assumption that

the input contrast is 100 percent across all spatial frequencies. With

this assumption, the MTF curve describes the actual expected output

contrast as a function of spatial frequency. This is a subtle point

but it should be noted.

Figure 2.3 shows how the display system MTF and the visual

threshold function are used to determine the limiting resolution of the

display system. The intersection of the display system MTF with the

visual contrast threshold curve represents the highest sine-wave spatial

frequency that can be produced by the display system and that can be

seen by the observer. The advantage of this approach is the reduction of

variability in determining the limiting resolution.

All of these resolution measures provide information about the

high frequency portion of the display MTF but not about the display

capability at lower spatial frequencies. One method of providing more

information about the lower spatial frequency performance is to measure

the suprathreshold resolution (Task, Pinkus, and Horneeth, 1978)

described below.

In. 1968 Campbell and Robson published the two curves shown in

Fig. 2.4. The right-hand curve is the often measured contrast threshold

curve for the human visual system. This curve indicates the amount of

14
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Fig. 2.3. Limiting resolution determined by the intersection of the
display system MTF and the visual contrast threshold
functions
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FIg. 2.4. Campbell and Robson (1968) study results showing the mine-
wave threshold function (right) and the sine-wave square-wave
discrimination curve (left)

The dashed line is an extrapolation.
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contrast required for a sine-wave pattern to be just detectable 50

percent of the time as a function of angular spatial frequency. The

left-hand curve of Fig. 2.4 indicates the amount of contrast required to

determine whether the target pattern being viewed is a sine-wave or a

square-wave target as a ftinction of bPatial frequency. The intersection

of this sine-wave/square-wave discrimination curve with the MTF of the

display system is defined as the suprathreshold resolution of the

system.

All of the measures described so far provide information about

only a single spatial frequency. A concept that was proposed to

incorporate aspects of the MTF value for all spatial frequencies is the

equivalent bandpass, Ne (Schade, 1953). The equivalent bandpass is

calcuLated using equation 3.

Ne fM {(Nh)} 2 dNh (3)
0

where

M(Nh) - MTF of the display system

Nh - spatial frequency in units of TV lines per picture height

This measure depends only on the display system characteristics and is

independent of the visual system capabilities.
Borough, Fallis, Warnock and Britt (1967) proposed an FOM for

film systems designated the MTFA. Snyder (1974a) applied this measure

to television systems as a potentially useful means of indicating video

16 F
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display image quality. The MTFA is calculated by computing the area

between the MTF of the display system and the contrast threshold

function of the observer. This is shown in graphic form in Fig. 2.3.

In equation form the MTFA is:

MTFA f {M(w) - T(w)} dw (4)

", •where

M(M) - angular MTF of the display system

T(w) - visual contrast threshold function

w - angular spatial frequency (cycles/degree)

w1 - angular spatial frequency at which M(w) intersects T(w)

(which is also the limiting resolution of the dioplay/

observer system)

Because of the difficulty of producing high quality sine-wave patterns

for measuring the MTF of the display system, Snyder proposed a variation

of the MTFA concept using square-wave (bar) patterns. The resulting

area measure was designated mKrFAsq to indicate that the area measured

"was between the. square-wave response of the television system and the 7'
square-wave contrast threshold of the observer. Using the MTFA.q Snyder

(1974b) wac able to obtain very good correlations with reaction time

and correct responses for a face recognition task. Display quality was

varied by changing the video bandwidth, 1Lne rate, and noise level.

Changing the line rate and bandwidth affected the vertical and hori-

zontal resolution of the display, respectivcly, and the noiwe affected

7-71
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the contrast threshold curve of the observer. A total of 15 display j

conditions composed of different combinations of line rate, bandwidth .

and noise were used in the study. The results showed good correlations I ii,

with logl0 MTFAsq. Correlation with correct response was r - 0.87

(p e 0.001) and with response time was r - 0.92 (p < 0.001).

Correlations were calculated using the method described in Mathematical

Statistics by Freund (1962).

One criticism of the MTFA and MTFASQ (and similar FOMXs) is that

they are based on a one-dimensional MTF (measured along the scan lines)

whereas the display system provides visual information in two dimensions.

For television displays the problem is compounded somewhat by the fact I

that the display is continuous in one dimension and discretely sampled

in the other.

In a later study, Snyder (1976) attempted to measure directly

the MTF of the display in the direction perpendicular to the scan lines.

This measured MTF was then combined in various ways with the MTF in the,,

perpendicular direction (along the scan lines) co obtain a two-dimensional

MTFA. These combinations included the arithmetic mean, gcdmetric mean,

harmonic mean, and the quadratic mean. The reaulting two-dimensional

MTFA values were applind to a target acquisition task with some degree

of success.

The correlations calculated for this experiment were lower than

in previous experiments, but che interesting point is that most of the

two-dimensional MTFA values correlated higher than the one-dimensional

iI
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MTrA values. However, many of the differences in correlation were not

statistically significant. Correlations with simulated slant range (see

Appendix A) to target at detection and the number of correct responses

ranged from 0.l1 to 0.70. Probably part of the reason for the lower

correlations is that subjects were required to search the display

to acquire the targsa. This adds to the variance due to differences in

search strategiw. between subjects and, consequently, tends to lower the

correlation.

S The MTFA concept has a certain amount of appeal since it

includes both charactoristics of the display system and of the observer.

However, some criticism has been raised as to the way in which the display

characteristics and the observer characteristics should be combined.

van Meeteren (1973) suggested that the MTF of the display system should

be multiplied by the contrast sensitivity function (CSF) of the visual

system. Since the CSF is the reciprocal of the visual contrast three-

hold curve previously discussed, this is equivalent to dividing the MTF

by the contrast threshold function. The resulting quantity has been

deeignated the integrated contrast sensitivity (ICS):

rMf = () •) dw (5)
0 0 ~

where

ICS - integrated contrast sensitivity

M(w) - display system MTF

1. . .



F r
S(M) " contrast sensitivity function

T(W) a contrast threshold function

w a spatial frequency (angular units)

Granger and Cupery (1972) have proposed a modified version of

the MTFA concept called the subjective quality factor (SQF). Although

thuir experiments were done using film, the SQF can easily be applied to

television systems. In equation form:

2-Rj
SoF f K a M(ln w, 0)1 IMv(ln O)de d(ln w) (6)In 0

where

K - normalizing factor

a - low spatial frequency integration limit

M(ln w, 6) - two-dimensional optical transfer function of the

display system in polar coordinates

Mv a MTF of the visual system

w w angular spatial frequency

0 a orientation angle of the spatial frequency

Granger (1974) observed that most of the visital response occurs

between 3 and 12 cycles per degree (cpd), so he suggested a simplified

SQF that uses a rectangular frequency bandpaus from 3 cpd to 12 cpd to

approximate the visual passband, (Mv(ln w)). The resulting equation

for SQF is

2.



f n 12 ~2-n
S~ ln 3 JA4(ln w,e)IdO d(3.n) (7)

Experiments done by Granger and Cuprey (1972) and Granger (1974) showed

excellent correlation between the computed SQP and ths rank order of

subjectively ranked black and white photographs (correlation r *0.990).

The area-type TOM provides a conceptually simple method of

determining the quality of a display system. However# for the area-type

PON apyroach to be successful, the area enclosed must be Isotropic with

respect to visual effect. That is, each unit of area must contribute as

much to overall visual performance as every other identically suxed unit

of area. If this is not the came, then it would be possible to devise

display conditions that have the same MTFA but permit markedly different

observer performance. It is therefore desirable to transform the two

axes of the area-type TOM so that they are linear with respect to

visual effect.

Task and Verona (1976) attempted to produce ani isotropic area-

type TOM by transforming the modulation contrast axis into the number

of 62 gray shades. The resulting gray shade versus spatial frequency

graph was then used to calculate the area between the vis.ual threshold

curve (converted to gray shades) and the gray-shade response of the

display system. This TOM was designated the gray shade frequency product

(GYP). Figure 2.5 shows the method used to convert riulation contrastA

to gray shades. The effect of this conversion is to weight the upper

contrast levels more heavily, as can be seen by the graph in Fig. 2.6.
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This type of weighting is reasonable if the visual system responds

logarithmically to luminance levels, which has been shown to be the case

for moderate luminance levels and just-noticeable difference (JND)

studies (Graham, 1965, p. 215). However, more recent experiment.

(Carlson and Cohen, 1978) have shown that the visual system seems to

respond logarithmically to levels of modulation contrast of sine-wave

gratings. This type of transformation would tend to weight the lower

contrast levels more heavily than the upper contrast levels.

The work done by Carlson and Cohen (1978) was directed toward

developing a means of predicting JND's in display imaging quality. To

this end they developed dtectable differencou diagrams (DDD) to aid in

determining how much of an MTF change can be tolerated in a display

system before the change is noticed. Figure 2.7 shows the DDD they

published in the SID (Society for Information Display) 78 Digest. One

concept that is explored later in this paper is the application of the

DDD to transform the area-type FOM to a quantity that may be linearly

related to vision. Thin FOM im designated the Just-noticeable differ-

ence area (JNDA). It is calculated by transforming the dimplay system

MTF curves to JND lovels using the DID of Carlson and Cohen, then

intdgrating to find the area under the resulting curve. The lower

limit of integration is at one-half cycle per degree since this is the

lowest frequency shown on the DlU.

tn the course of the literature review other FOs'u for diwplays

were found but could not be considered for evaluation and comparison

due to problems of implementing the measur.i.

23
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Fig. 2. 7. Detectable difference diagram of Carlson and Cohen (1978)

The DDD was presented by Carlson and Cohen (1978) as a means of
determining how much the MTF of two displays must differ before an
observer can detect the difference. This DDD shows the MTF's of
three different displays on it. The two MTF's indicated by the
label B are Just noticeably different because they differ by more
than one just-noticeable difference (JND) lovel at some spatial
frequency (in this case, at 12 cycles/degree). The MTF labelled A
corresponds to a natural maximum MTF, i.e., distinguished as ,V

noticeably better because there are no higher JND levels to

encompass. This corresponds to the limit of visual capability.
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Rosell and Willson (1971, 1972, 1974) and Willson, Rosell, and

Walmaley (1976) have developed and investigated the signal-to-noise

ratio at the display (SNRD). Equations describing the SNRD for

rectangular targets and periodic targets have been produced and applied

to observer tasks involving the detection of rectangles or tri-bar

2t patterns. Results from these studies have been successful within the

limits of the assumptions made in deriving the SNRD equations. Since

these efforts were primarily directed toward characterizing the sensor

end ofthe display syotem, the display itself was neglected. The SI4RD

equations assume the display MHT to be unity. This was not the case for

the studies undertaken for this dissertation, so it was not possible to

apply the SNRD concept without violating the assumption under which it

was derived. The SNED was intended primarily to characterize effects

due to noise. Since this paper is concerned with only low-noise systems

and noise was not a variable in the experiments, it is not appropriate

to try to forea the SNRD into the role of a display system FOM.

Schindler (1976) has proposed thet information density (bits per

square, degree), measured in a unique fashion, be used as a display 1 r4

system FOM. Using information theory, Schindler derived an equation

for information density:

D f 4 loJa L4 P ) + I f df (8)
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where

0 ft spatial frequency of maximum useful information

f - spatial frequency variable (linear spatial frequency)

Pa (f) s iignal power at frequency f

PAg (f) * power of the just discriminable signal difference at

frequency f

Using a modified version of this equation, Schindler measured the

"informatton spectrum" obtained from a film transparency by employing

optical Fourier transform techniques and a special segmented detector.

The detector was located at the Fraunhofer diffraction plans of the

optical Fourier transform system. It contained 32, semicircular,

concentric segments which were used to measure the power as a function

of apatial frequency in the transform plant. The integral of this

information spectrum (bits per cycle squared) was calculated to obtain

the overall information density.

A major problem with applying this technique to television

displays is that a photographic transparency of the display must be

obtained first before the optically measured information density can be

calculated. This intermediate step requires time for developing the

filta and contributes to the possibility of error. There is also some

problem in quantifying the relationship between exposure time and

dynamic noisti on the display and its effect on the optically determined

information density. Also, the film MTF is implicitly assumed to be

unity for the spatial frequencies of interest.

...



In spite of these concerns, Schindler obtained good correlations

between the information density metric and performance variables for

several target recognition studies (r - -0.67; r a -0.82; r - -0.96).

Since the equipment was not available to measure th6 information

density in the same manner as Schindler, this FOM is not considered in

later sections of this paper. However, it is possible to use the

information density approach of Schindler (1976) and the DDD's of Carlson

and Cohen (1978) to calculate a FOM that can be considered to be theIi)
information density capability of the display/observer system. From

Schindler (1976) the information density is defined to be:

J r1Fy log2 {L (fx, fy)} df, dfy (9)

where

D - information density in bits per unit area

fx M linear spatial frequency in x direction VI

yfy linear spatial frequency in y direction

L(fx. fy) n number of discriminable levels

Fx upper frequency limit for x-axis

Fy upper frequency limit for y-axis
If it is assumed that the JND levels of Carlson and Cohen can

be used to replace L(fx.fy) in equation 9, the information density could

then be calculated using equation 10:
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D 4 fx Ja log2 {JND (fxI fy} dEx df y

A modified version of this equation is used in later sections of this

dissertation to calculate an FOM value which is proportional to the

information density.

Another variation of the area-type FOM is the JNDA-log. This

FON is calculated by determining the area under the JND vs. log spatial

frequency curve. Two lower limits of intergration for the log spatial

frequency were criedi one-half cycle per degree and two cycles per

degree. These are distinguished by a notation following the abbrevia-

tions, 1/2 cpd and 2 cpd, respectively.

Table 2 shows a summary of tho FOM's that are investigated in

this dissertation. The GFP-log (Task and Verona, 1976) shown in Table 2

was calculated by integrating the gray-shade response curve with respect

to log spatial frequency. The log after the abbreviation indicates this

type of integration. Unfortunately, integrating with respect to log

spatial frequency requires a cholce of some arbitrary low spatial

frequency limit of integration. For theC, FP-log values calculated in

this dissertation the lower frequency cutoff was chosen to be one cycle

per degree.

Two other FOg's were investigated that are not listed in Table 2.

These represent minor modifications of the FOM's listed and are

explained in the appropriate sections of this dissertation.

28L
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Table 2. List of FOM's investigated and their abbreviations

Limiting Resolution Lim. Res.

Log Limiting Resolution Log Lim. Res.

Suprathrashold Resolutiun S.T. Rem.

Log Suprathreshold Resolution Log S.T. Res.

Modulation Transfer Function Area MTFA

Log Modulation Transfer Function Area Log MTFA

Equivalent Bandpass Ne

Gray Shade Frequency Product GFP

Gray Shade Frequency Product-Log GFP-Lo&

Subjective Quality Factor SQF

Integrated Contrast Sensitivity ICS

Jumt-Notic..able Difference Area JNDA

Log Just-Noticeable Difference Area Log JNDA

Information Density Info. Dens.

Log Information Density Log Info. Dens.

Just-Noticeable Difference Area-Log (1/2 cpd) JNI)A-Log (1/2 cpd)

Just-Noticeable Differenci Area-Lug (2 cpd) JNDS-Log (2 cpd)

It,
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CHAPTER 3

EVALUATION OF DISPLAY SYSTEM FIGURES OF MERIT

There have been countless studies in the past to determine =he

effect of several parameters on vision and visual perception. Likewise

many studies have been done to assess the effect of various display

parameters on visual performance. In order to be useful an FOM must be

sensitive to both characteristics of vision and characteristics of the

display system. All of the FOM's under consideration in this paper,

with the exception of one, are affected by both display and vision

characteristics. The exception is the equivalent bandpass, Ne. (Schade,
1953). .

On close inspection it can be seen that all of the FOM's under

consideration fall into two basic categories. Limiting resolution and

suprathreshold resolution are single-number quantities (angular spatial

frequencies) which characterize the display/observer system for a single

spatial frequency. The remaining FOM's are area-type measures. That

is, each one depends on the MTF of the display system (or some trans-

formation of the MTF) and the human visual contrast threshold function.

The different variations of the area measures are essentially attempts

to transform the axes into dimensions that are properly weighted in I •
terms of visual information content.

gvI
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The remainder of this chapter contains a discussion of each of

the FOM'n and an evaluation of the relationship of each FOM with known

characteristics of vision and displays.

Equivalent Bandpass
This measure does not include any characteristics of the visual

system. Therefore, there are several parameters that can be changed in

3 the display/observer system that wuuld affect visual performance but

would not affect Ne. For example, performance is affected by the

angular size of the display with respect to the observer (Martin, Task,

Woodruff, and Pinkus, 1976) but this parameter does not affect the value

of N.. For this reason it is not expected that No will perform well as

a display system FOM.

Limiting Resolution

This FOX incorporates chAracteristics of both the visual system

and the display system as indicated in Fig. 2.3. A loss of bandwidth or

a loss of contrast will cause the contrast threshold function to inter-

sect the MTF of the display system at a lower spatial frequency. Any

parameter which affects vision will cause a change to the contraut

threshold function, resulting in a different spatial frequency for the

limiting resolution. Parameters such as luminance level and noise level

are thus indirectly incorporated into the limiting resolution concept

by their effect on the contrast threshold function. These effects

probably account for the limited success and wide use of thiw FOM as a
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means of characteriuing display quality. On* problem with this PON is

due to the ways in which it can be obtained. The limiting resolution

value obtained for a display system depends upon the way it is deter-

mined and upon the observer making the determination.

A major problem with this FOM stems from the fact that it isa a.

"limit-type" measure. That is, it provides information concerning only

a single spatial frequency and this spatial frequency is, by definition,

at the limit of vision. Figure 3.1 shove the KTF of two display systems
• ~ which have identical limiting resolution values, but much different"!

contrast capabilities at the lower spatial frequencies. The display
S~with tho upper W¢17 will appear to have a better image quality due to the.'

increased contrast, and if the contrast difference is great enough. it .
will also permit better visual performance. It is this type of problem

that motivated the creation of the suprathreshold resolution FOM

discussed in the next section.

Suprathreohold Resolution

The cuprathreshold resolution is a single frequency type FOM,

but it provides information about the display/observer system in the

middle range of spatial frequencies rather than in the high ran&e. I

This partially alleviates the problem depicted in Fie. 3.1 concerning

the limiting rcsolution. Figure 3.2 shows two display systems with

Identical suprathreshold resolutions but with differout KTF's. Note

that the display system with the higher contrast must have a lower band-

width (equivalent to a lower limiting resolution) in order to maintain

31 .
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Fig. 3.1. Limiting resolution~ of two hypothetical displays with

different MTP'a but identical limiting resolutions~
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Fig. 3.2. Suprathreshoid resolution of two hypothetical displays with

different MTF's but identical suprarlireahold resolution

values.

Nute thiat the suprathreshold resolution ac~ts au a pivot
point in the trade-off between bandwidth and contrast.
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the same suprathreshold resolution. Thus, the suprathreshold resolution

acts am a fulcrum point in the trade-off between contrast and bandwidth.

If the way in which suprathreshold resolution was defined is appropriate,

then it should accurately describe the results for studies where contrast

and bandwidth are both varied.

For the examples shown in Fig. 3.1 and Fig. 3.2 a Gaussian-

shaped MTF was nesumed, If the shape of the MTF is allowed to deviate

drastically from Oaussian,..then it is possible to invent hypothetical

situations for the suprathreshold resolution such that the suprathreah-

old resolution point would not act as a proper fulcrum for trading off

bandwidth and contrast. However, barring strangely shaped MTF's, the

suprathreshold resolution appears to have the characteristics for a

potentially useful FOM.

Modulation Trauafer Function Area

The MTFA is the basis for a number of area-type FOM's that are

discussed in the following sections. The major (potential ) advantage

of this and the following FOM's is that they incorporate the MTF of the

display system and the contrast threshold function (CTF) of the observer

across all spatial frequencies. However, in order to be effective, the

area-type POM must combine the display MTF and the observer CTF in the

correct manner and with the correct axes transformations to produce a

quantity that will linearly correlate with performance.
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The MTFA is calculated using modulation contrast on one axis and

linear spatial frequency on the other. Both of these quantities are

probably nonlinear with respect to vision. Typically, quantities such

as modulation contrast and spatial frequency follow what is called a

Weber Law (Cornsweet, 1970, pp. 83, 84). The Weber Law states that a

test stimulus must change by a certain percentage of the reference

stimulus in order for the subject to distinguish bitween the test stimulus

and the reference stimulus.. Studies have shown that this law holds for

simple luminance targets (Cornsweet and Piniker, 1965) and for spatial

frequency discrimination ability (Campbell, Nachmias, and Jukes,

1970). Evidence from Carlson and Cohen (1978) indicates that this is

also true for the contrast of sine-wave targets. In light of this

information, one would not expect the MTFA to be linear with respect to

visual stimulation and., therefore, to visual performance. By taking the

logarithm of the MTFA, it may be possible to partially compensate for the

fact that the MTFA axes do not reflect the Weber Law. Therefore, it is

probable that the ,TFA will not correlate as well with visual performance

as the log MTFA. This was the result demonstrated by Snyder (1974a).

Gray Shade Freguency Product

This measure was proposed in an attempt to linearize the

modulation contrast axis of the MTFA FOM. If the human visual system

reacts logarithmically to luminance levels (Cornsweet and Pinaker,

1965), then it is possible to determine the number of detectable

luminance levels that are represented by a particular modulation
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contrast. Using this type of transformation (described in Chapter 2),

it in possible to covert modulation contrast into gray shades. The

conversion uses 12as a criterion for defining a gray shade. This is

an "engineering" definition of gray shade and does not represent a true

JND of luminance. However, the resulting transformation is proportional

to what would be obtained if a different JNDlevel were chosen.

This transformation should improve correlations with performance

(over MTFA) only if the luminance level capability of the display is the

characteristic important to vision. The effect of this transformation

is to weight the higher contrast levels more heavily than lower contrast

levels, as can be seen by the graph in Fig. 2.6. However, if contrast

is the important parameter with respect to vision (which seems more

likely), then the Weber Law indicates that the transformation should 'Oe

the logorithm of contrast. This type of transformation weights the

lower contrast levels more heavily than the higher contrast levels.

Since it is necessary to linearize both axes with respect to

vision, the GFP-log is an attempt to linearize both the contrast axis

and the spatial frequency axis. The problem with converting the spatial

frequency axis (or the contrast axis) to a logorithm before integrating

the area is that the lower limits of integration are no longer easily

defined, Therefore, some arbitrary low spatial frequency cutoff must

be used, Since this low frequency cutoff can have a large effect on

the FOX value, it is difficult to determinc d priori what is optimum.

For the GFP-log the value was chosen to be one cycle peat degree as a

convenient, relatively low, cutoff value.
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Subjective Quality Factor

The SQF does not incorporate any transformation on the contrast

axis. It does transform the PpEt:•l fruquency axis to natural loasrithm 7

and limits the integration to the central area of the visual contrast

sensitivity function. The 1Uits of integration are from In 3 to in 12

where the 3 and 12 are in units of cycles per degrees The logarithm

transformation makes sense from the standpoint of the Weber Law and the

limits of integration are a rough acknowledgment of the contrast

threshold function. it should be noted that it might be poosibleto

improve the lo& MTVA FOM (or others) by selecting an appropriate spatial

frequency bandpass as was done for the SQF.

Integrated Contrast Senmitivit

The SQF is a special case (and approximation) of the ICS. The

main difference between the ICS and the MTFA is their relative sensitivity

to changes in the CTF. van Meeteren (1973) argued that the MTFA value

would change negligibly if the CTF were raised (due to noise or some

similar factor) from 0.01 to 0.10. However, the ICS would change

considerably since the CTF is divided into the display MTF instead of

being suhtracted. It remains to be seen whether or not this difference

in sensitivity to changes in the CT? improve* correlation with

performance.
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Ju1t-Noticeable Difference Area

This YOM is prnposed in this dissertation as a possible means of

lineairsing the contrast axis of the M4TFA FOM, The basis for the JNDlA

In the work done by Cals~on and Cohen (1978) on datectable, difference

diagrams (DDDtI), figure 2.7 in Chapter 2 shoved an example of a DDD.

The MNDA is defined as the area under the MTI after it has been trans-

formed into JND levels using the DDD. If vision responds primarily to

oontrast levels, then this transformation is more appropriate than the

GFP, Note that the effect of the JND transformation is to weight the

lower contrast levels more heavily than the higher contrast levels.

Figur8 3.3 shows the JND data of the DDD of Fig. 2.7 regraphed as a

functiont of modulation contrast.

Just-Noticoable Difference Area-Log.

This YOM is proposed in an effort to transform both axes of the

area-type FOX to quantities that are theoretically linear with respect

to vialion based on fundamental vision studies. The JNDA-log to the same

as the JIDA except the integration of the area is with respect to the

log of the spatial frequency as indicated by the Weber Law. The lower

limit of integration in arbitrarily set at log 1/2 cpd as the lowest

frequency measured by Carlson and Cohen (1978) and shown in the DDD of

Fig. 2,7.
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Fig. 3. 3. Just-noticeinble difference levels as a function of mnodulation
contraot for several saptial frequencies

(From Carlson and Cohen, 1978)
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Information Density

Information theory provides a theoretical structure for such

technical areas as computers and data transmission, Many studies have

investigated human decision processes and thought processes in terms of

information theory (Fitts, 1954; Sparling, 1960). However, all of these

have been extremely simple when compared to the problem of quantitatively

determining the useful or required information content of a pictorial

image. The information donsity approach euggests by Schindler (1976),

dewcribed in Chapter 2, does not consider the characteristics of the

human visual system. It is a measure only of the display system. As

such it roughly corresponds to the capability of a display system to

present detail. It in possible to increase the information density

(iiount of detail) to a point where an observer can no longer resolve

the detail due to vision limitations. Thum, a point is reached at which

performance can no longer improve due to vision limits, but the infor-

mation density metric can increase further as detail is increased. This

is not a desirable characteristic of an FO.

The modified version of information density presented in

Chapter 2 does not have this shortcoming. The JND levels approach sero

as the anSular spatial frequency reaches vision limits. Therefore, the

modified information density shows promise In terms of a maximum upper

limit that corresponds to the vision limit. However, there is no funda-

mental reason why one would expect the information density transformation

of the modulation contrast axis to correlate wall with performance.
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It is very difficult to predict which of the FOM's discussed

herein is beet in terms of correlating with performance, The literature

search did not provide any studies that had been done which compared more

than two or three FOM's, Almost all studies were concerned with deter-

mining the effect of several display parameters on a single FOM and how

the results correlated with perfotmance. The following chapters wi.ll

quantitatively compare all of the previously described FOM's in terms of

their correlation with performance for the same experiments. This is

the first known attempt to critically compare several TOM', for the

identical experimental conditions. ,

%7
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CHAPTER 4

EXPERIMENTAL COMPARISON OF FOM'S FOR TARGET
DETECTION AND TARGET RECOGNITION TASKS

The experiment described in this chapter was undertaken to

provide a common basis of empirically comparing all of the previously

described FOM's. Two experiments were conducted aimultaneously: one a

target recognition task and the other a target detection task. It was

expected that the target recognition task would provide better correla-

tions with the FOM's than the target detection task due to the increased

variability of the target detection task.

Method

Subjects

"Seventy-two subjects were used in the study (36 males) with ages

ranging htom 18 to 30 years. All subjects were prescreened for corrected

or uncorrected 20/20 visual acuity, using the Armed Forces Vision

Tester.

Apparatus

Two sets of equipment wer-e used: one set to generate the appro-

priate display condition, and the other to adjust and measure the display

characteristics (Task and Verona, 1976).
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Figure 4.1 shows a picture of the apparatus used to generate the

stimulus material. The primary source of imagery was recorded on black

and white 16mm motion picture iilm and converted to video format using

the apparatus of Fig. 4.1. The film was run at 24 frames per second.

All experimental conditions were obtained using a standard 525 line,

60 Ha field rate display with 2:1 interlace of fields. The television

monitor shown in the equipment rack of Fig. 4.1 was used by the experi-

menter to score the subject's responses. This monitor was not visible

to the subject. The experimenter had control of an electronic cross

hair which was displayed on this monitor. The cross hair was used to

measure the diagonal of the target at recognition for the target

recognition task, and the position of the target on the screen for the

target detection task. The diagonal size of the target wam converted to

the angle subtended by the target at recoanition for the recognition

task. For the target detection task the position of the target on the

display was converted to slant range at detection. The slant range to

the target is defined as the direct distance from the sensor to the

target. The term slant range is used to differentiate it from ground

range, which is the distance from the target to a point on the ground ',
directly below the sensor (aircraft:). These calculations are described

in Appendix A. The subtended angle of the target at recognition and the

slant range to the target at detection served as the dependent variables

for the target recognition task and the target detection task, respectively.

The display quality conditions for this study were obtained

using all combinations of three levels of contrast ratio and three video

43
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Fig. 4.1. Equipment used to generate the video stimulus material

05

100s 100 So0 1000
SPATIAL PRC00ENCY

(CYCLES/SASTER UIDTN)

Fig. 4.2. The MT~s for the nine display system conditions



bandwidths for a total of n.ne conditions. The contrast ratio is defined

as the ratio of the maximum display luminance to. the minimum display

luminance. The contrast ratio levels were obtained by adjusting the

brightness and contrast controls of the subjects' monitor, and, the band-

width@ were obtained using a pasuive, low pass, variable filter.

Figure 4.2 shows the resulting display system HTF's determined for these

nine conditions.

The display system HTF's were calculated by multiplying together

the measured MTF's of the film, the television camera, and the television

monitor. It should be noted that the system MTF's calculated in this

fashion represent an approximation to the actual system response. In a

rigorous mathematical sense, tho MTF is not defined for any of these

three components (film, camera, and display) since each of these is

nonlinear. However, the concept of a transfer function is sufficiently

useful to warrant its use even when a system departs somewhat from

linearity. This departure means that a sine-wave pattern output will

not be obtained if a sine-wave pattern ia provided ao an input to a

nonlinear system. 1f the nonlinearity is relatively small and well

behaved (gradual curvature), the output still bears a reasonable

resemblance to a sine-wave pattern. Thus the transfer function is not

really an MTF but it serves the same function.

A problem can arise if one attempts to multiply a number of

these "nonlinear MTF's" together without regard to the severity or

ditection of the nonlinearities. In the case of the TV camera and the

monitor, the nonlinearity (or gamma) is in the opposite direction with

........ ... -- - -----.



respect to each other. In fact, the coupling of the camera and monitor

almost perfectly compensates for the nonlinearity, resulting in an

almost linear camera/display system. The film gamma was measured to be

approximately one by the organization that processed and printed the

film, Thus the display system was clove to linear.

To insure that minimum error was introduced by multiplying the

TV camera and monitor MTFts together, a short experiment was done. The

camera/monitor system square-wave response was measured directly using

a set of square-wave targets and a scanning photometer. This was con-

verted to a sine-wave response, then compared to the MTF that was

obtained by multiplying the camera MTF times the display MTF. The two

curves were close, indicating that a relatively small error resulted

from the MTF component multiplication method; thus justifying this

approach for the system used. Figure 4.3 shows these two curves.

The film MTF was determined by making microdensitometer scans of

high contrast edges and converting these data to an HTF using Fourier

techniques. The actual microdensitometer scans and TF calculations were

done by the Dynamics and Environmental Evaluation Branch, Reconnaissance

and Weapon Delivery Division of the Air Force Avionics Laboratory at

Wright-Patterson Air Vorce Base, Ohio. The resulting MTF was sufficiently

close to Gatisian in shape that a Gaussian approximation to the MTF was

used for convenience of calculations. The technique used for calculating

the MTF from an edge scan can be foutid in Gaskill (1978). The camera
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CMOIPNY CALCULATID

MASURSO M•F

10.4

0o
t0 log 1000

SPATIAL PMQUIMCY
(CYCLiS/lASTUR WIDTH)

Fig. 4.3. Comparison botween a system MTF calculated by
multiplying the comporent MTF's together and a
system MTF measured directly p

The solid line was obtained by multiplying tho directly
measured television display MTF times the television camera
MTF. The TV camera MTF was determined by directly measuring
the square-wave amplitude response and converting it to a
igne-wave response. The dotted line was obtained by

measuring the total system square-wave response and then
converting it to a sine-wave reaponso.
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"TF was measured by observing the electronic signal amplitude output, on

an oscilloscope, as a function of the spatial frequency of square-wave

targets imaged onto the photo surface, This ,quare-wave response was

then converted to a sine-wave response (Brown, Collins, and Hawkins,

1969), The television display was measured using a signal generator

which produced a sine-wave electronic signal in video format. This

signal was adjusted to have the same maximum and minimum signal levels

6s the television camera. The signal was input to the, television

monitor, and the resulting sine-wave pattern on the display was scanned

using a telaphotometer with a alit aperture as shown in Fig, 4.4. By

repeating this procedure as a function of spatial frequency, the MTF of

the television display was measured. The product of these was then

calculated for each of the nine display conditions to determine the

overall MTF of the display system for each condition.

The three levels of bandwidth used were 6 M11:, 1.0 Hhz, and

0.4 MHz (measured at the 3 dB point) and the three contrast ratio levels

were 50:1, 50:5 and 50:15. The contrast ratio numbers represent the

maximum and minimum display luminance values (in foot-Lamberts) for a
low spatial frequency (8 cyclaes/display width) square-wave pattern.

Appendix B provides a list of the equipment used, the model 4

numbers and the manufacturers.

Stimulus Material

The l6im motion picture film used for the target recognition

taok was produced in the following manner. Eight inch by ten inch black

JAWA
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Fig. 4.3. Telephotometer with alilt aperture to
measure liT? of the televisiont monitor
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and white prints were made of six models of vehicle targets (see

Fig. 4.5). Each of the targets was photographed in each of four

orientations for a total of 24 target conditions. The targets were:

covered truck, uncovered truck, M-60 tank, Sherman tank. mobile cannon

and half-track. Each of the 8 x 10 prints was affixed to the center of

•'•/ a large gray backdrop. A 16mm motion picture camera with a motorized

zoom lens was then used to make a "zoom-in" film of the target. The

zoom sequence was about 20 seconds in duration for a 10 to 1 magnifica-

tion change. This zoom sequence wan done for each of the 24 target

situations. When presented to the subject, the target first appeared in

the center of the display for 2 to 3 seconds, then slowly increased in

size until the subject could recognize which of the six targets it was.

For the target detection task the 16mm film imagery consisted of

"flights" over a terrain board at simulated altitudes of 1000 and 2000

feet. The targets were prebriefed bridges and POL (petroleum, oil,

and lubricant) storage tanks. Figure 4.6 shows a bridge target and

Fig. 4.7 shows a POL target at relatively close range. A total of 40

"flight." over targets were presented to each subject.
Vi

Procedure

Each morning before subjects arrived and each afternoon after

subjects were run, the MTF of the display monitor was measured and the

signal levels from the television camera were recorded. This insured

that the display quality remained constant for the duration of each

experimental display condition.

'I' ' , , t l l



Fig. 4,5. Bridge target used in target detection study

Fig. 4.6. POL (petroleum, oil, lubricant)
target used in target detection study
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Subjects were chocked for 20/20 vision and given written

instructions explaining their task. Any questions were then answered by

the experimenter. Briefing materials included photographs of the targets

and, for the target recognition task, the target models. Subjects were

trained so that they could respond rapidly with the correct name of each

of the six targets. All subjects completed the target recognition study

first. They were then instructed about the target detection study and

completed that second. A break period was provided between the two

studies and at the midpoint of each study,

For the target recognition study, the target appeared in the

center of the display and grew in site until the subjeut was "virtuully

certain" of trie name of the target. At this point the subject pressed

a handheld button. This action stopped the 16mm film projector auld'

blanked the display to prevent the subject from further studying the

tLrget. The blanked screen was set to have approximately the same

average luminance as the displayed imagery to prevent chanklo, in eye

luminance adaptation level. immediately after Lhe subject preuteod the

button he responded with the target name. The experimenter, observLng

his monitor, recorded the response and measured the diagonal of tho

target. This sequence was then repeated for the next target, The 2ý4

targets were presented in a random order and were shown to each subject

twice for a total of 48 target runs.

The procedure for the target deteetion tahk was slightly

different. SkibjectH were told before each target eun which target they

were searching for: bridge or PO1. The target wau nut initially visible
12 /



on the display. AMthe "flight" progressed the target would appear on

the display. The "f4light" paths were arranged so that the target would

appear on the center line of travel, off to the left or off to the

right. When the subject detected the target he pressed the handheld

button which immdedately stopped the 16mm projector, The display was

not blanked but vemained on so that the subject could point to the

location of the target. The experimenter then used the electronic

cross hair to determine the x, y coordinates of the target on the screen,

These data were tOPh used to calculate the simulated slant range to the

target at detection (see Appendix A).

The entire procedure for both studies, including rest breaks,

required approximately throe hours per subject.

Results

Table 3 summarizes the results of the target recognition study.

Table 3. Mean angle subtended by the target at recognition (in
degrees) for the target recognition study

Contrast ratio Bandwidth

6 MHz 1.0 MHz 0.4 MHz

50:1 1,5 doeg 2.4 'eg 3.4 deo g•

50t5 1.6 dog 1.9 deg 3.6 deg

50:15 1.9 deg 2.2 dog 3.9 dog
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Each number listed in Table 3 represents the average of approxitmately

384 data points (eight subjects per condition times 48 target runs per

subject). Some data points were missing due to subject errors in

*identifying the targets. These points were replaced with the average

value for the display condition in which they occurred, Table 4 shows a

mummary of the analysis of variance done on the target reuonit ion

performance results. It is apparent from this table that bandwidth had

a much greater effect on performance than contrast ratio. Table 5

shows the average percent correct responses for each of the nine dLsplay

conditions. The percent correct response was approximately the same

for all conditions with the exception of two of the lowest quality

conditionsa 505 and 50M15 at 0.4 MHz bandwidth. The instructions to

the subject were intended to motivate the subject to recognize the target

as soon as possible but wi•b a minimum error. The subject was instructed

to respond as soon as he was "virtually certain" of the correctness of

his response. In previous studies (Martin at al., 1976) this provided

a satisfactorily low error rate and reasonably uniform percent correct

response rates across the experimental conditions. With the exceptions

noted above, this technique appeared to work reasonably well for this

target recognition study. The performance analysis is based on the

angle subtended by the target at recognition #,s the performance variable

of interest. Table 6 is a summary of the analysis of variance performed

on the percent correct response data.
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Table 4. Analysis of variance summary for the target recognition
performance task*

Source Sb DF MS F p

Contrast ratio 1.1291 2 0.5645 3.1 0.05

Bandwidth 50.9949 2 25.4975 140.4 <0.001

A B 1 1,2917 4 0.3229 1.8 0.14

Within cell 11,4362 63 0.1815

Total (check) 64.8519 71 0.9134

A summary of the analysis of variance is provided for each

performance task. The format for each of thees is the same as that shown
in Table 4. The SOURCE Lolumn of Table 4 indicates the item analyzed in
each row. SS stands for sum of squares, DF for degrees of freedom, MS

a, }for mean square, F is the F-test number, and the p is the probability
associated with accepting the null hypothesis (i.e., no difference in
performance due to changes in the variable shown in the SOURCE column).
A x B is the interaction of contrast ratio and bandwidth, The within
cell SS value indicates the amount of unaccounted for variance. The
total SS value was calculated independently of the other SS values as a
check; the total value should be the same as the sum of thc other SSj! • value,,.
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Table 5. Percent correct response for the nine display conditions of

the target ?ecognition task

Bandwidth

Contrast ratio
6 MV~z 1.0 Mliz 0.4 M~z

50:1 90.4 89.1 88.8

50:5 90.4 90.6 82.0

50M15 93.2 89.8 79.4

Table 6. Analysis of variance summary for the percent correct response
data of the target recognition study

Source SS DF MS F p

Contrast ratio 61.4444 2 30.7222 0.7745 0.465

Bandwidth 798.7778 2 399.3889 10.0686 <0.001

A x B 370.5556 4 92.6389 2.3354 0.065

Within cell 2499.0000 63 39.6667

Total (check) 3729.7778 71 32.5321

Table 7 shows the calculated values of the different FOH's for

the nine display conditions. The values of the performance variable

were correlated with the calculated values of each FOM for each condition.

Table 8 shows the correlation between performance and the various FOM's.

Appendix C contains the graphs of these correlations.
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Table 7. Calculated FOM values for the nine display conditions

Contrast Contr.at Contrat IlTheret-
Ratio Ratio Ratpo leal

0:1 6.o:5 50:15 0 mx.

B'' t ,andidh 6.0 1.0 0.4 6.0 1.0 0.4 6.0 140 0,4 -

33.1 23.9 19.6 55.7 22.1 14.0 23.7 10.2 5.4 *

Lis Res 14.8 8.25 8.25 15.56 9.00 9.73 15.46 10.80 6.42 61.0

Log Li. 1.17 0.92 0.92 1.19 0.95 0.99 1.19 1.03 0.81 1.78
Rem

MH 1.T. 7.90 5.63 4.25 8.40 5.78 5.09 7.80 5.73 3.56 11.25
Us

Log 1.T. 0.90 0.75 0.63 0.92 0.76 0.71 0.89 0.76 0.55 1.05
Ras

)U'Tm 4,44 2.11 1.47 4.95 2.07 1.39 3.22 1.48 0.73 40.76

Losg TFA 0.647 0.34 0,167 0.695 0.316 0.143 0.508 0.170 -0.137 1.610

UP 31.2 15.6 11.8 32.9 13.6 9.3 19.4 9.0 4.7 -

0on- 3.38 1.77 1.03 3.73 1.76 0.95 2.15 1.20 0.41 -

Log

8Q1 04190 0.038 0.010 0.23 0.046 0.019 0.148 0.038 0.004 0.602

Bandwidth 6.0 1.0 0.4 6.0 1.0 0.4 6.0 1.0 0.4 -

ICS 1491 743 524 1618 727 491 1049 321 263 4637

JrDA 334 179 115 365 190 141 310 172 56 868

Log 2.52 2.25 2.06 2.56 2.28 2.15 2.49 2.23 1.75 2.94

JNDA

Info Dens 46.9 24.5 12.6 50.6 25.4 22.5 48.2 24.7 17.7 111.9

Log Info 1.67 1.39 1.10 1.70 1,40 1.35 1.68 1.39 1.25 2.049
Dent
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Table 7. Conrtinued

IContract Contiast Ooutrast IThov.t- !A
Ratio Ratio Ratio ical

.J4I- 54.4 41.8 33.8 s5.4 41.9 34.9 47,1 46s3 2416 74.3
Log

, 1/2 cpd

mm-D~ 24.0 12.6 6.6 25.7 13,9 9.0 21.6 12.C 4.9 41.0too$*

2 opd

Log 0.58 0.30 0.16 0.61 0.29 0.11 0.39 0.12 -o0i5 0.97

Log 0.3S -0.23 -0.76 0.42 -0.17 -0.66 0.20 -. 33 -1.28 0.86

-. I.
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Tab.e 8. Correlations of performance with tho FOM's for the target
recognition study

POM Correlation FNCorrelation

No -0.726 SQ" -0.M8a

Lim Rea -0.764 ICS -0,418

Loig Limi Res -0.776 JNDA .-0-876

S.T. Res -0.888 Log JNDA -0.906

Log S.T. Res -0.907 Info Deno -0,79!

MT1'A -0.811 LOg tnfo Dena -0.820

Log MTFA -0.878 JNDA-Lot (1/2 crd) -0.937

GFP -0.78l JNDA-"Log (2cpd) -0.896

GWP-LoS -0.847

After inspecting the graphs of the correlations and comparinS thW

reoults with the MTF's of the nine display cotnditions, it becaae evident

that hýiher correlations may be obtained by calculating the MTFA for a

limited spatia), frequency band. The arguments for doittS thi& are simtlar

to those that led, to the band limit for the SQF FOM. Two variations of

the MTFA were tried. One variation involved changing the upper spatial

frequency limit of the MTFA to the sine-wave/square-wave 4iscrumination fl

curve inetead of using the sine-wave threshold curve, This eliminates

the area of the MTPA associated with the higher visual spatialI' frequencies. Stn•,, the sine-wave threshold used for the MTPA ualculatione

represented a 50 percent detection probability, it can be argued thit the



MTFA neareAt this curv.e contributed rolatively little to the visual

information assimi$lat-ad by the subjecý. The sini-wavefsquare--wave

discrimination curve' pro~vides c convenitent, more cunborvative upper

limit on the spatial freq%,nci~as ux*!ul for the transfer of visual.

information.

'The second variation included the above modification and also

premoved the very low spatial f~requency portion of th~a.,MTFA. The SQF uses

3 cpd as the'lower cutoff. Sinc~e the peak sensitivity of the visual

y'!

uypem lisom e and 6 so d, i te as hec Lt for the

cuMtof n toA et tbl 9csure-ws thcor relatialn ofrthe logat hmoci the hs

new FOM's with performance for the target recognition mtudy.

Table 9. Correlation between tie modifioed MTFA FOM's and target

"recognition performance

,OM Correlation

Log SSMTFA -0.869

Log BLMTFA -0.948

ii'•. Th secondvariati n ncue thaovmoictonnd ls.,Q

i reove th ver •o aptlalgreueny potio ogthl.,•A Th SQFu~a I ,



The log BLXTFA produceo an excellent correlation with performnanco.

However, one must be careful when searching for quantities that correlate

well with performance after the experim.nt 1a completod. Given enough

degrees of freedom in creating an FOM, it in possible to achieve a perfect

unity correlation with performance for a particular set of data. The

real test of these modified MTFA FOH'a is in the later sections of this

dissertation whore tuiy are compared to performance data obtained

independently from this target rmco.nition study.

The target detection study performance alnalysis was limited to

the slant range at which the POL targeti were detected. The data for the

bridge targets contained too many missed targetu to ute slant range as a

performance variable, The POL tnrget runs w:ere divided into two groups:

those at 1000 feet altitude and those at 2000 feet. This was necessary

because of the large differences in slant range for these two conditions.

Table 10 shows a mairmary of thtt Plant range performance for the nine ,'

display conditiona] and tw•o altitude&.

Tables 11 avi•d 12 s~how tWe analystsJ of vartinne summary fotr the J

,:: I~000 feet and 2000 f~eet altitude, respeettvely. i:

01
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Table 10. Slant range (in feet) at detection for POL targets for thenine display conditions i

Con•mast Ratio Bandwidth 1000 ft alt 2000 ft alt I'

6 MHz 6998 ft 12,314 ft .i

301l 1,0 6486 11,408 ,

0.4 5896 9986

6 6968 12,130

5015 1.0 6729 12,302

0,4 6319 10,888

6 6612 11,886

50115 1.0 6585 11,680

0.4 5908 10,299

Ilk



Table 11. Analysis of variance summary for the target detection
slant range data at 1000 feet altitude

Contrast ratio 1,162,468 2 561,234 4.5 .014

Bandwidth 8o399,907 2 4,199,954 32.7 '.Ol

A B 742,405 4 1850601 1.4 .228

Within cell 8,086,816 63 128,362

Total 18,391,596 71

Table 12. Analysis of variance summary for the target detection

slant range data at 2000 feet altitude

Source SS DF MS F p

Contrast ratio 4,215,100 2 2,107,550 3.5 .035

Bandwidth 40,235,942 2 20,117,971 33.3 <.001

A x B 3,238,285 4 809,571 1.3 .264

Within cell 38,010,485 63 603,341

Total 85,699,812 71
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Using the slant range as the performance variable, correlations

were calculated for the 19 FOM's for both 1000 and 2000 feet, Table 13

shows these results. The correlation graphs are contained in Appendix C.

Note that the correlations in Table 6 are negative and the

correlations of Table 13 are positive. This occurs because, for the

target recognition study of Table 8, the smaller the target, the

better the performance, whereas, for the target detection study, longer

slant ranges represent better performance.

Discussion

Tables 8, 9, and 13 summarize the main results of these target

recognition and target detection studies. All of the FOH's investi-

gated correlated reasonably well with performance for all three task

conditions. Correlations ranged from a high of Irl " 0.948 to a low

of Irl - 0.618. Table 14 indicates the rank order of the performance

correlation for each of the 19 FOM's for the three tasks. It should be

noted that the three observer tasks are not independent in the sense

that the nine display conditions for all three were identical. Even

with this cautionary note, the consistency of the rank ordering of the

FOM's across the three tasks is surprising.

W4
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Table 13. Correlations of FOfn' with POL target detection performance

FOM 1000 ft alt 2000 ft alt

No 0.761 0.618
SLiLm Res 0. 778 0.695

• Logl Lim Resn 0.795 0. 709

• ST, Res 0.900 0.834

Log S.T. Res 0.923 0.864

HTFA 0.829 0.717

Log MTFA 0.866 0.777

GFP 0.798 0.670

GFP-Log 0.869 0.760

SQF 0.803 0.702

IC 0.837 0.724

JNDA 0. 880 O. 802

Log JNDA 0.902 0.838

Info Dens 0.824 0.766

Log Info Dens 0.880 0.842

JNDA-Log (1/2 cpd) 0.928 0.853

JNDA-Log (2 cpd) 0.902 0.835

Log SSMTFA 0.857 0.762

Log BLMTFA 0.931 0.878

'I i
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/
Table 14. rOM's rank ordered according to their correlation with

performance for the target recognition task and the two
target detection conditions

Yom Target Recognition POL 1000 ft POL 2000 ft

Log BLKTFA 1 1 1

JNDA-Log (1/2 cpd) 2 2 3

Log B.T. Rom 3 3 2

Log JNDA 4 4 5

JNDA-Log (2 cpd) 5 5 6

S.T. Res 6 6 7

Log MTFA 7 10 9

JNDA 8 8 8

Log SSMTA 9 11 11

GFP-Log 10 9 12

Log Info Den* 11 7 4

ICS 12 12 13

MTFA 13 13 14

Info Done 14 14 10

Log Lim Res 15 17 15

SQF 16 15 16

1FP 17 16 18

Lim Res 18 18 17

No 19 19 19

#I



It is apparent from the relatively poor showing of the limiting

resolution that thio quantity does not serve well as a display system

FOM. Limiting resolution might be a reasonable parameter to use in

conjunction with other parameters to roughly describe a television

display system, but it does not provide a very good means of indicating

overall display image quality. The equivalent bandpass of Schade also

falls in this category, based on its rank order in Table 14,

The log BDLTFA ranked highest for all three observer tasks,

followed closely by the JNDA-log (1/2 cpd). It is impossible to declare

either of theme as clearly superior to the other since their corrlal-

tions with pcrforniance are so close. It is interesting that both arte

area-type measures, although the next ranked FOM is the log uuprathres-

hold resolution which is not an ares-type measures

The failure of the gray-shade transformation to improve the

area-type TOM over the MTFA and the JNDA indicates that the gray-shade

concept is not appropriate as a useful display describing parameter.

The work on DDD'e by Carlson and Cohen (1978) and the results shown in

Table 14 provide a strong indication that the gray-shade capability of

a display system is not a characteristic that relates well to

performance.

It
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CHAPTER 5

APPLICATION OF FIGURES OF MERIT TO A PREVIOUS DISPLAY STUDY

The prublem with applying FOM's to a previously completed study

is to obtain sufficient information concerning the display conditions to

calculate the value o* the FOM's. Since the author-was involved with

the study done by Martin at &1. (1976), sufficient data were available

to calculate the FOM's.

The purpose of the uxperiment was to determine the effect of

element density (number of display elemaents per degree visual 4tigle)

and active-to-total-area ratios on target recognition performancR. The

sams 16mm motion picture intagery described in Chapter 4 was projectea

"onto a rerr projection screen for viewng by the subjects. In the pilot

study, six viewing distances were used corrtsponding to six different

display element density levels. The different active-to-total-area

ratios were simulated by placing a grid mask over the reav projection

screen. The line width of the grid mask was varied to achieve four

values of active-to-total-area ratios. The results indicated no.

performance differences due to active-to-total-area ratios so the

viewing distance data presented :Ln this chapter is an average across

this parameter,

miI



The six viewing distances correspond to six angular TF14e at the
displayed image Figure 5.1 shovw these six angular NTy's graphed with
the nine display system NTFil of Chapter 4 for comparison. The two

visual threshold curves of Campbell and Robson (1968) described prevL-

ously are also shown.

1.0

" * ' TI

0
10 100

SPATIAL FrqrUENCY

(CYCLES/DEGREE)

Fig. 5.1. The six angular HTF's (right) corresponding to the six
viewing distances of the film display study

The nine MTFsa of the study described in Chapter 4 (left)and the two visual threshold curves of Campbell and
Robson (1968) are shown for reference.

.. .. .....
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The subjects for this experiment were trained for several weeks

prior to participating in the experiment. All subjects vere brought to

an asymptotic level of performance to preclude learning effects. All

:conditlons were presented to all subjects. Table 15 shows a summary of

the performance results of the study. The performance variable was

the same as that used for the study of Chapter 4, namely, the angle

subtended by the target at recegnition. An analysis of variance was not

published for these data in tho report from which they were obtained.

Table 15. Target recognition performance for different viewing
distances

Viewing Distance Angle Subtended by the Target
(meters) at Recognition (deg)

4.37 0.230

2.91 0.217

2.18 0.231

1.46 0.239

1.09 0.277

0.73 0.318

................... •••,.: '
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Table 16 shows the calculated value of the FOM's for the six

viewing distances of this experiment. The Gaussian film MTV's shown in

7igure 5.1 were used to calculate the POM values. It should be noted

that these MTF's only approximate the actual display 1TF for this study.

Stray light and ambient room illuminance would tend to lower the MTF

at the lower spatial frequencies. This display was not available to

measure the actual MTF as it was projected. This approximation (using

the Gaussian film MTF to be the same as the projected display MTF) is

reasonable for all of the POM's except one. The value of the GFP is

very sensitive to small changes in the modulation level at high

modulation levels. Since there is an uncertainty as to the exact

upper modulation level of the projected image, it was decided to eliminate

the GFP calculation from the list of POM's for this study.

Table 13 shows the correlation between the FOM values and the

performance variable of this study.

The most startling aspect of Table 17 i1 that almost all of the

FOM's correlate highly (0.90 or better) with performance. In this

respect the information in Table 17 does not provide any further insight

into the question of which FOM is the beat correlate of performance.

However, the two FOX's that were ranked highest in Chapter 4 correlated

very highly with performance (-0.977 and -0.983), indicating that these

two are still the most promising FOM's.

-4
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Table 16. Calculated values of 18 FOM's for the qix Oieplay viewing
d:istancem

Viewing Distance (Meters) i mhet-
4.37 2.91 2.18 1.46 1.09 0.73 I

S67.5 44.6 33.7 22.5 17.0 11.3 -

Lim Res 51 45 41 35 31 27 61

Log... 1.71 1.65 1.61 1.54 1.49 1.43 1.78

Lim Ron

S.T. Rei 11.1 1110 11.0 10.8 10.6 10.2 11.25

Log 1.045 1.041 1.041 1.033 1.025 1.009 1.051
.T., Ras

"WI!FA 35.0 31.8 28.8 23.8 20.1 14.9 40.8

Log 1.55 1.50 1.46 1.38 1.30 1.17 1.61
MTFA

GFP- 29.2 25.3 22.6 18.9 16.4 13.1
Log

SQF Q.5995 0.5964 0.5920 0.5799 0.5635 0,5207 0.602

ICS 4381 4332 4272 4124 3951 3566 4637

JNDA 845 845 827 782 737 642 867

Log 2.927 2.927 2.918 2.893 ".867 2.808 2.938
JNDA

Info Dene 111.0 U.1.0 110.2 107.3 104.5 94.1 111.9

Log Info 2.045 2.045 2.042 2.033 2.020 1.974 2.049
Dena

JNDA-Log 73.72 73.72 73.42 72.51 71.61 69.50 74.32
1/2 cpd

JNDA-Log 40.97 40.97 40.57 39.76 38.A6 36.75 41.76
2
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"Table 16. Cont'inued

Viewing, Distanze (Meters) Theoret-
ical4..37 2.91 2.1i 1.46 1.09 0.73 Max

"Lcg 0,461 0.958 0.955 0.947 0.936 0.907 0.966
SSMTFA

Log
-BL•TFA 0.854 0.850 0.846 0.835 0.821 0.783 0.862

*In the original definition of N , there would be no change in this
parameter due to vt.ewing distanle of the obearver since the measure
was & characteri6tic of the display only. The valaes shown here were
obtained by converting the linear equivalent bandpass spatial
frequency to an angular spatial frequency equivalent baudpass value.
Thece Values do change with obser¶ver viewing distance.

I3
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Table 17. Corrolations between the 1OM's and target recognition
performance for the flam study of Martin et &1. (1976)

,CM Correlation

Log BL24TFA -0.977

JNDA-Log (1/2 cpd) -0.983

Log S.1T. Rob -0.969

Log JIDA -0.984

JNDA-Lo8 (2 cpd) -0.983

S.T. Ran -0.973

LoS MTIA -0.950

JNDA -0.983

Log SSMTFA -0.978

OPP-Log -0.858

"Log Info Dene -0.971

ICS -0.978

MTFA -0.912

Info Dens -0.974

Log Lim Res -0.885

SQl -0.979

GFP --

Lim Res -0.851

No -0.729

A 'vt , . .. ............. .... .•,•-•,',..' • ........... . ".. . . . : .--".:-'•Z.- '; ]--- -
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There are major differences between the studies of Chapter A

and the study described in this chapter that are probably reeponsible

for the high correlations. The most significant differene• Is that the

film study varied only one parameter, i.e., viewing distance (angular

NTV), whereas the studies of Chapter 4 varied both the contrast ratio of

the display and tha bandwidth. Tie YOM's had to account for the viiual

effects of only one parameter in the film study compared to the two

parameters of the video study. Thus the video study of Chapter 4

represents a more critical test of the FOM's than does the film study.

Since the study described in this chapter was dune with a

directly viewed fi.lm display, with no intervening video system, iU is

difficult to make absol-ta p-irformance level. comparisons wit'h the target

recognition study of Chapter 4. The performance level of the film utudy

was much higher, but it is impossible to determine how much of this was

due to increased subject training and how much was due L' improved image

quality.

Despite the inconclusiveness of the results shown in Table 17,

two significant points are evident. First, the limiting resolution and

equivalent bandpass are once again found at the bottcm of the list of

correlations. Second, the log BLtTFA and JNDA-log (1/2 cpd) correlats

.A very highly with performance, preserving their position as the most

promising display system FOM's. Graphs of these correlations are in

Appendix C.

5 (5
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CATER 6

DISCUSBION AND MODEL DEVELOPMENT

Table 18 is a suumary of the YOM's investigated and their

correlation with performance for the four tasks described in Chapters 4

and 5. Table 19 shows the rank order of the FOM's for each of the four

performance tasks. The last column of Table 19 is somewhat misleading

due to the very high correlations that were obtained for almost all of

the FOM'., To determine whether or not the differences in correlation

coefficients among the YOM's were statistically significant, a statis-

tical analysis was done using a method developed by Hotelling J

(Guilford, 1965, p. 191). The YOH with the highest correlation for each

of the four tasks was analysed to determine if it was statistically

higher than the other FOM's. Appendix D describes the equation and

procedure used to accomplish this. The log BLKTFA correlated highest

with performance for the first three performance tasks of Table 18.

Table 20 shows the probability level (or nonsiSnificance) obtained by

statistically comparing the log BLHTFA with each of the other POK's.

For the film study described in Chapter 5 the 1CK that correlated

highest with performance was the log JNDA. Table 21 statistically

compares this F7K with the others to determine if it is statistically

higher in correlation with performance.

S.... , I "I IT



Table 18. Summary of POM correlations with performance for the four
performance tasks

Target Target Detection Target
_FO Recognition POL 1000 POL 2000 Recognition

(Television Study) (Television Study) (Film Study)

Log BLHTFA -0.948 0.931 0.878 -0.977

JNDA-Log (1/2 cpd) -0.937 0.928 0.853 -0.983

Log S.T. Res -0.909 0.923 0.864 -0.969

Log JNDA -0.906 0.902 0.838 -0.984

JNDA-Log (2 cpd) -0.896 0.902 0.835 -0.983

S.T. Res -0.888 0.900 0.834 -0.973

Log MTFA -0.878 0.866 0.777 -0.950

JNDA -0.876 0.880 0.802 -0.983

Log SSHTFA -0.869 0.857 0.766 -0.978

GFP-Log -0.847 0.869 0.760 -0.858

Log Info Dens -0.820 0.880 0.842 -0.971

ICS -0.818 0.837 0.724 -0.978

MTFA -0.811 0.829 0.717 -0.912

Info Dens -0.795 0.824 0.766 -0.974

Log Lirm Res -0.783 0.795 0.709 -0.885

SQF -0.781 0.803 0.702 -0.979

GFP -0.781 0.798 0.670 --

Lim Reo -0.764 0.778 0.695 -0.851

1No -0.726 0.761 0.618 -0.729

r 11i



Tablik 19. Rank order of the FOM's for the four performance task@

FMTarget Target Detection Target
FOMRecognition POL 1000 POL 2000 Recognition

(Television Study) (Television Study) (Film Study)

Log BLHTFA 1 1 1 8

JNDA-Log (1/2 cpd) 2 2 3 3

Log S.T. Res 3 3 2 12

Log JNDA 4 4 5 1

JNDA-Log (2 cpd) 5 5 6 2

S.T. Roo 6 6 7 10

Log MTFA 7 10 9 13

JNDA 8 8 8 4

Log SSMTFA 9 11 11 6

GFP-Log 10 9 12 16

Log Info Doen 11 7 4 11

ICS 12 12 13 7

Z4TFA 13 13 14 14

Info Doen 14 14 10 9

Log Lim Res 15 17 15 15

SQF 16 15 16 5

GFP 17 16 18 -

Lim Res 18 18 17 17

No19 19 19 18

ise



Table 20. Statistical probability level that the top listed FOM is more
highly correlated with performance for the performance tasks
of Chapter 4 (NS means not significant at p a 0.05 laval)

Performance Task

FOM Target Recognition POL 1000 POL 2000
Probability, p< Probability, p< Probability, p<

Log BLMTFA

JNDA-Log
(1/2 cpd) NS NS NS

Log S.T. Res 0.05 NS NS

Log JNDA 0.01 NS NS

JNDA-Log (2 cpd) NS NS NS

S.T. Res 0.05 NS NS

Log MTFA 0 025 0.05 0.025

JNDA 0.025 N$ NS

Log SSMTFA 0.05 NS 0.025

GFP-Log 0.05 NS NS

Log Info Dens 0.05 NS NS

IcS 0.025 NS 0.05

MTFA 0.025 NS 0.05

Info Dens 0.025 NS NS

Log Lim Res 0.01 0.05 0.05

SQF 0.025 NS NS

GFP 0,025 NS 0.025

Lim Rea 0.01 0.05 0.05

No 0.025 NS 0.05

ME-E SEEMS
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Table 21. Statistical probability level, that the top listed ION is more
highly corralated with performance than the other lON's for
the ftla study of Chapter 5 (NS meavs not significant at the
p - 0.05 level)

Performance Task
M04 'Film Study

Probability, p4

Log JNDA

JNUA NS

JNDA-Loz (2 cpd) NS

JNDA-Log (1/2 cpd) NS

Log SS1<TFA NS

ICS NS

Log BLMTFA NS

Info Dens NS

S.T. Res NS

Log Info Dens NS

Log S.T. Res NS

Log XTFA NS

MTFA 0.05

Log Lim Res 0.05

SQF NS

GFP-Log 0.025

Iim Res 0 .05

No 0.025

N

•' r1

.. •.•.:;., .• - .+ .,'T •,''"..L-,:.,••'L ."• • , ......



It is apparent from the statistical analysis shown in Tables 20

:and 21 that it is impossible to confidently select one of the FOM's as

clearly superior to all of the others. The three FOM's that show the

most promise are the log BLMTFA, the JNDA-Log (1/2 cpd), and the JNDA-

log (2 cpd). Table 20 shows that the JNDA-log (1/2 cpd) and the JNDA-

log (2 cop) are the only FOM's that are not significantly lower than the

log BLMTFA for all three performance tasks. None of these three had the

highest correlation with performance for the film study; however, they

both correlated very highly with performance, and a statistical analysis

t showed that there was not a significant difference between these FOM's

in correlating with performance.

A cautionary note must be injected concerning the application of

these FOM's to operational display systems. Performance for the target

recognition studies was measured in terms of the angular sJze of the

target at recognition. However, this may not be the important perform-

ance variable from an operational standpoint. The problem arises for

display situations in which the angular size of the display is the

independent variable, as in the film study of Chapter 5. The angular

MTF and subjective quality of the display improve as the display is

moved away from the observer. Also, the performance, in terms of the

angular size of the target, Improves (decreases) as the value of the

FOM'e Increases. However, the percent of the display that the target

must occupy for recognition to occur increases as the display is moved

further away. This corresponds to a more inefficient sensor/display

- '
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observer system in terms of the visual Information transferred from the

sensor to the observer.

Table 22 shows tho percent of the display required for target

recognition calculated from the film study of Chapter 5. The lower the

percentage of the display that the target must occupy for recognition to

occur, the longer the slant range to the target at recognition, if the

sensor field of view (FOV) in kept constant. Tha important operational

performance parameter is the distance at which a target can be detected

or recognized. Thus, it is desirable to arrange a display system to

improve this capability as much as possible. The calculated values of

the FOM's do not, by themselves, provide sufficient information to

determine the effect of display angular subtense on this operational

performance. This inadequacy is a smvere shortcoming of all the POM's

investigated and, to some extent, of the FOM concept in general. The

objective of the FOM concept was to develop a means of quantifying image

quality to relate to observer performance. This objective has been

successfully attained for several display variables, if one is concerned

about the angle subtended by the target at recognition. However, for

many display applications a more meaningful measure of performance is

the efficiency of the display/observer interface. This efficiency can

be expressed in terms of the percent of the display that the target must

occupy for target detection or recognition to occur. The smaller the

percentage, the better the performance.

This approach is more in the realm of developing a model to

predict absolute performance levels rather than relative performance,

- - :,l
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which was the objective of the FOM concept. However, the potential

utility of a successful target detection or recognition model is

sufficient to warrant a brief discussion of a possible approach. The

N objective of this discussion is to determine if the data shown in

Table 22 can be reasonably predicted using a simple approach to a target

recognition model.

Table 22. Percent of display width required for recognition for six
viewqig dist .aes; from the target recognition study of
Chapter 5

_Viewing D_.stance Angular Width Percent of Display Width
(meters) of Display Required for Recognition

(degrees)

4.37 1.765 13.03

2.91 2.650 8.19

2.18 3.537 6.53

1.46 5.279 4.53

1.09 7.067 3.92

0.73 10.536 3.02

There are two easily defined extremes that can occur for a

display/observer interface: 1) a severely display-limited case, and

2) a severely vision-limited case.

For the first case the display is situated very close to the

observer and has a very low resolution compared to the visual acuity of

the observer. Thus the observer can easily resolve all of the visual

13
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information that the display can present. The limiting factor in this

case Is the display/sensor capability. Therefore, the percent of the

display that the target must occupy for recognition to occur is the

ratio of the number of resolution elemencs requirad across the target to

the total number of resolution elements across the display (times 100

for percent). As a simple example, consider a trn-bar tarest. There

must be a minimum of five resolution elements across the target to

resolve its pattern as determined by the Nyquist limit. If the display

is capable of 100 resolution elements across one dimension, then the

target must occupy 5 percent of that display dimension. In general,

this display limit can be expressed as:

(display limit) 2 D 1 100 (11)

where

Z D - percent of the display that the target must occupy for

recognition to occur

NT " number of resolution elements required to recognize

target (along one dimension)

ND - number of resolution elements across one dimension of the

display

The second extreme is the vision-limited situation. This

occurs for cases where the angular sise of an individual display

'4



resolution element is much smaller than the angular resolution limit

of the eye (I to 1-1/2 minutes of arc). Thus the limiting factor for

this case is visual acuity. This means that the target must subtend a

minimum angle for recognition to occur. For the tri-bar target example,

the target must subtend 5 to 7-1/2 minutes of arc (depending on the

visual resolution limit used) for the target to be resolved. This

number is obtained by multiplying the number of resolution elements

"required to resolve the target times the angular resolution limit of the

eye. The percent of the display that the target must occupy for this

pab is given by:

(vision limit) % D - 100 (12)
e'D

where

eT a required angular target size

6D - angular size of uhe display

% D a percent of display required for recognition to occur

Equations (11) and (12) describe the percent of the display

required for display/observer extremes or limits. The problem is how

does one determine the requirements for intermediate, non-extreme cases?

The simplest approach is to simply ndd the two quantities together.

Thus, combining equations (11) and (12) in this manner:

(general case) % D -, + )100 (13)
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calculIt should be noted that in this simple modeling approach 8T is

•, calculated using:

eT = NT eV

where

eV - limiting visual acuity (in degrees)

Some assunption must be made to establish numbers for 6V, NT and

ND. The visual acuity limit, OV, is assumed to be 1-1/2 minutes of arc

which is the largest value of the I to 1-1/2 minutes of arc typically

ascribed to this parameter (Riggs, 1965). Since the targets used were

somewhat.similar in nature to those used by Johnson (1966) in estab-

lishing the "Johnson criter'ia," these criteria are employed. The

Johnson criteria state that target recognition occurs for a display/

observer condition wherein the observer can resolve a periodic bar target

of 4.0 1 0.8 cycles that is the same size as the target. Thus NT is

approx~mately eight resolution elements (assuming two samples per cycle).

The useful limiting resolution of a display has been designated as the

spatial frequency at which the modulation contrast drops below about

two to five percent (Brock, 1967; Dyall, 1978). The number of resolution

elements, ND, is estimated to be the minimum number of samples required

to resolve the spatial frequency at which the display MTF drops to

3-1/2 percent (midway between 2 and 5 percent). For the film study of

Chapter 5, ND is 680.

!.4
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Using theme values for OT, NT, and ND the following equation

should predict the results shown in Table 22.

D eD r 680

The six viewing distances of this study correspond to six angular

sizes for the display. Table 23 shows the % D values predicted by

equation (14) compared to the actual % D values of the study. Figure 6.1

shown the theoretically modeled curve of % D versus 9D. The otreled

points in Fig. 6.1 are the actual data points from the study of Chapter S.

It is apparent from Table 23 and Fig. 6.1 that the agreement

between the model and actual performance is excellent considering the

simplicity of the model and the relative crudeness with which the

critical values In the modeling equation were selected. The determination

Of OT and NT need to be refined to be sensitive to subtle changes in

target characteristics and visual acuity, but the overall model structure

appears to be very promising.
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Ta&ble 23. Predicted values of percent of display required for target
recognition and actual values from Table 22

Display ... iI

AxguarPredicted % D Actual % D Percent Difference
Width
.(deg)

1.765. 12.51 13.03 4.1J

. 12.650 8.72 8619 6,3I

3.537 6.83 6.53 4,5

ý.279 4.97 4.53 9.3

7,067 4.01 3.92 2.3

.10.54 3.07 3.02 1.6



La,: f

15 ""

0 10[

__ I\.;,

a a I i i

0 5 10 15 20 25

90 (DEG~PEE •)

Fig. 6.1. Theoretical model of percent of display width required for
target recognition versus angle subtended by the display

The circled points are experimental results of the film
study described in Chapter 5.
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CHAPTER 7

CONCLUSIONS

Of the 19 FOM's investigated, all showed a reasonable degree of

correlation with performance, which is somewhat surprising considering

the divers@ assumptions and theoretical approaches of the different

PFOM'S.

The log BLMTFA, the JNDA-log (1/2 cps), and the JNDA-log (2 ipd) ,

showed themselves to be the most promising indicators of image quality

based on the results of this dissertation. These have norrelated highly

with performance for target recognition and target detection tasks for

studies in which the contrast ratio, bandwidth ana viewing distance to

the display have been varied, Also, they are affected by other display

system variables such as noise, luminance, and others that were not

investigated here. It remains to be seen whether or not these FOM's

will still correlate well with performance fur display situations in

which other parameters are varied,

It may not be possible to determine which FOM is clearly

superior to all of the others, but it in certainly possible to eliminate

some FOMXs from consideration as inferior to the more highly correlating

FOX's. The limiting resolution and the equivalent bandpass are two

SFOH'e. Th



P014's that are widely used that consistently correlated significantly

lower with performance than the higher-ranked FOM's. This in strong

evidenco that these quantities should not be used ast a mnans of

describing the overall image quality of a display system.

The failure of the gray-shads transformation to correlate well

with performance indicates that this type of transformation does not

produce a qU~ntity that to linear with respect to visual information.

t The relative suicess of the JI4DA-log (1/2 cpd) and JNDA-log (2 cpd)

indicate that th.o lower modulation coiitrant levels should probably be

weighted more heavily than the higher levels, which is opposite of the

gray-shade transformation effect.

The succemss of the modeling approach described In Chapter 6

Indicates that it may he more advantageous to develop methods of

predicting absolute performance levels rather than spend time and

effort developing alternative FOM's for display mystems.

Overall, this dissertation shows that there are several display

syntem figures of merit that are probably adequate as quantitative

indicators of image quality.
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II APPENDIX A

SLANT RANGE AND ANGLE SUBTENDED BY TARGET
AT RECOGNITION CALCULATIONS

The slant range to the target at detection was calculated using

the equationt

1 1/2
S S = A (15)'

whore

S - slant range to target

A - altitude of sensor

a - depression angle of sensor from horizontal

* - horizontal field angle to target

O - vertical field angle to ti•rget

and

/2w tn
* * arctan (2•)

w * horizontal distance on display screen from center of the

display to the target (horizontal coordinate)

W , width of the display screen

|:2



* total horisontal field of view of sensor i

0 aretan ,

h a vertical distance on display screen from center of display ".

to the target (vertical coordinate) 
,.

H heioht of display sirlena

S w total vertical field of vilew of sensor •

Flours Al ewas used to derive the above relationships.

From triggnOmetry and Fig. A.1 the following relationships are

apparentl••

B a 90- + 0 (18)

Aoo (19)

R *L tan (Cos tan ( 20)

s -(L + R2)'1 2  (21)

Substituting (19) and (20) into (21):

"" 1/1
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But:

Cosn 08 2 co-2  + (0- )]

-[co 90 co( a)- uin (90')uin (- a)] 2

@uin2 (B - c)

So:

s A 1+ tan2 * (22)
* Cn2 (e - a)

The values of 0 and a must be obtained from the X, Y coordinates

of the target on the display screen. The derivation is the same for both

vertical and horizaontal dimensions so only the vertical will be considered

in detail. Figure A.2 shown a plan view of a display situation. The

distance labeled D is a dummy distance convenient for derivation

parposes. The maximum vertical fLeld of vlew of th•i wenior 1L Ome; thio

"must correspond to the maximum vertical display coordinate, h:

tan em\*(23)
2 D

solving for 2D bi

H (24)
2 tan ()

24
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p: So for any vertical target position:

h 2h (taG) (25)•!i ~ ~~~~tan e __.--

or:

218 * nara (26)

The linear size of the target at recognition was measured

the ueectrolic cross hairs. Using this and the viewing distance of 28

inche* the angle of the target at recognition was calculated using: (27

eT 2 arctan (27

where

OT angle subtended by target at recognition

W diagonal size of target on the display

D - viewing distance

>4 5,
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APPENDIX B

EQUIPMENT USED FOR DISPLAY MEASUREMENT AND
PSYCHOPHYSICAL STUDIES

Display Measurement Equipment i

Strip Chart Recorder: Hewlett-Packard Model 7101B

Oscilloscope Tektronix Model 7613I

Telephotometer: Spectra Pritchard Model. 1980 CDB, Serial No. 227

TV Test Signal Generator: Systems Research Laboratories Model 2550

Video Test Generator: Colorado Video Inc. Model 615

Poychophyuical Study Equipment

16mm Movie Projectorl L.W. Photo, Inc. Athena Model 4000 TSM

Cross Hair Generator/Video Digitizer: Systems Research Laboratories -

Custom built

TV Camera: Cohu Electronics Inc. Model 2810

TV Monitor: Hewlett-Packard - Model 6946A

TV Monitor: Tektronix Model 632 Serial No. 700871

Video Filter: Systems Research Laboratories - Custom built

I



I APPENDIX C

CORRELATION GRAPHS: PERFORMANCE VERSUS FOM'S

This section contains graphs showing the best linear fit (least

squares fit) for the relationship between observer performance and the

FOM's. The actual data points are shown on the graphs enclosed in

small circles. The graphs are organized in rank order of their corre-

lation coefficient for the first target recognition study (Chapter 4),

The correlation coefficients and rank order are summarized in Tables 14

through 17 in Chapter 6.
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Fig. C.1. A) Graph of angle subtended by target at recognition versus
log BLMTFA for the target recognition study of Chapter 4,
B) graph of angle subtended by target at recognition versus
log BLMTFA for the target recognition study of Chapter 5
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Fig. C.2. A) Graph of slant range to target at detection vmrsus log
BLMTFA for POL targets and simulated altitude of 1000 feet,

:1B) graph of slant range to target at detection versus log
BLMTFA for POL targets and simulated altitude of 2000 feet
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Fig. C. 3. A) Graph of angle subtended by target at recognition versus
JNDA-log for the target recognition study of Chapter 4,
B) graph of angle subtended by target at recognition versus
JNDA-log for the target recognition study of Chapter 5
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Fig. C.4. A) Graph of slant range to target at detection versus
JNDA-log for POL targets and simulated altitude of 1000 feet,
B) graph of slant range to target at detection versus
JNDA-log for POL targets and simulated altitude of 2000 feet
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Fil. C.S. A) Graph of angle subtended by target at recognition versus
log Suprathreshold Resolution for the target recognition
study of Chapter 4, B) graph of angle subtended by target
at recognition versus log Suprathremhold Resolution for the
target recognition study of Chapter 5
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FiC.6. A) Graph of slant range to target at detection versus log it
Suprathreshold Resolution for POL targets and simulated -;

altitude of 1000 feet, B) graph off slant range to target t

-at detection versus iog Suprathreshold Resolution for POL .
targets and simulated altitude of 2000 feet ] 'V
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Fig. C.7. A) Graph of angle subtended by target at recognition versus

log JUDA for the target recognition study of Chapter 4,
5) graph of angle oubtended by target at recognitio, versus
log JNDA for the target recognition study of Chapter 5
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Pi8. C,I, A) Graph of slant range to target at detection versus log
JDA fo POL targets and simulated alfttude of 1000 feot,
I) graph of slant range to target at detection versus log
JDA for POL targets and simulated altitude of 2000 feet
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Fig. C. 9. A) Graph of angle subtended by target at recognition versus
JNDA-log (2 apd) for the tearet recognition study of
Chapter 4, 1) graph of angle subtended by target at
recognition versus JNDA-io8 (2 cpd) for the target recogni-
tion study of Chapter 5
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FiS. CAL A) Graph of angle subtended by target at recognition versuo
Suprathreshold Resolution for the target recognition study
of Chapter 4, B) graph of angle subtended by
recognition versus Suprathreshold Resolution frtetarget
recognition study of Chapter 5
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Fig, C.12. A) Graph of slant range to target at detection versus
Ouprathreshold Resolution for POL targets and simulated
altitude of 1000 feet, B) graph of slant range to target
at detection versus Suprathreshold Resolution for POL
targets and simulated altitude of 2000 feet
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Fig. CAL3 A) Graph of angle subtended by target at recognition versus
log MTFA for the target recognition study of Chapter 4,
B) graph at angle subtended by target at recognition versus
log MTFA for the target recognition study of Chapter 5
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Fi$. C.14. A) Graph of slant range to target at detection versus log
MTFA for POL targets and simulated alt tude of 1000 feet,
4) graph of slant range to target at detection versus log
HTFA for POL targets and simulated altitud%. of 2000 feet
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Fig. C.15. A) Graph of angle subtended by target at recognition versus
J14DA for the target recognition study of Chapter 4,
B) graph of angle subtended by target at recognition versus
JNDA for the target recognition study of Chapter 5



7000

615

5500

01'0
0 so 110 370

115000

8100

9500

0 J
0' 250 210 370

JNDA

Fig. C.16. A) Graph of slant range to target at detection versus JNDA
for POL targets and simulated altitude, of 1000 feet,
B) graph of slant range to target at detection versus JNDA
for POL targets and simulated altitude of 2000 foot
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Fig. Cl17. A) Graph of angle subtended by target at recognition veraus
log SSMTFA for the target recognition study of Chapter 4,
B) graph of angle subtended by target at recognition versus
loug SSKTFA for the target recognition study of Chapter 5
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Fig. C.18. A) Graph of slant range to target at detection versus
log SSMTFA for POL targets and simulated altitude of
1000 feet, B) graph of slant range to target at detection
versus log BSMTFA for POL targets and simulated ,
altitude of 2000 feet
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Fig, C,19. A) Graph of anal* subtended by target at recognition
versus GPP-log (1 cpdN for the target recognition study

• of Chapter 4, B) graph of angle subtended by target at
recogintion versus GFP-log (I cpd)' for the target
recogintion study of Chapter 5
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Fig. C.20. A) Graph of slant range to target at detection versus
GFP-l.og (1 cpd) for POL targets and simulated altitude
of 1000 feet, B) graph of slant range to target at
detection versus OFP-log (1 cpd) for POL targets and
simulated altitude of 2000 feet
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Fig. C.21. A) Graph of angle subtended by target at recognition
versus log Information Density for the target
recognition study of Chapter 4, B) graph of angle
subtended by target at recognition versus log Informa-
tion Density for the target recognition study of
Chapter 5
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Pig. C.22. A) Graph of slant ranie to target at deteotion versus
log Inforwation Density for POL targets and slmulated
altitude of 1000 feet, B) graph of slant range to targetat detection versus log Informatjion Density for POLtargets and simulated altitude of 2000 feet
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Fig. C.23. A) Graph of angle subtmnded by target at recognition versus
ICS for the target recognition study of Chapter 4,
B) graph of angle subtended by target at recognition versus
ICS for the target recogniton. study of Chapter 5
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Pig. C. 26. A) Graph of slant range to target at detection versus
ICS for POL targets and simulated altitude of 1000
feet, B) graph of slant range to target at detection
versus ICS for POL targets and simulated altitude of
2000 feset
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Fig. C.25. A) Graphi of angle subtended by target at recognition versus
HTFA for the target recognition study of Chapter 4, 4

B) graph of angle subtended by target at recognition versus
HTFA for the target recognition study of Chapter 5
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Fig. C.26. A) GraPh of slant rance to target at detection versus
MTFA for POL targets and simulated altitude of 1000
feet, B) graph of slant range to target at detection
versus ,TPA for POL targets and simulated altitude of

2000 feet
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Fig. C.27. A) Graph of angle 'ubtended by target at recognition
versus Infozmation Density for the target recognition
study of Chapter 4, B) graph of angle subtended by
target at recognition versus Information Density for
the target recognition study of Chapter 5
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Fig. C. 28. A) Graph of slant range to target at detection versus
Information Density for POL targets and simulated
altitude of 1000 feet, B) graph of slant range to
target at detection versus Information Density for
POL targets and simulated altitude of 2000 feet
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Pig. C.29. A) graph of angle subtended by target at recognlition
versus log Limitint Resolution for the target
recognition study of Chapter 4, B) graph of angle
subtended by target at recognition versus log Limiting
Resolution for the target recognition study of
Chapter 5
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Fig. C.350. A) Graph of slant range to target at detection versus
log Limiting Resolution for POL targets and simulated
altitude of 1000 feet, B) graph of slant range to
target at (tetection versus log Lirmiting Revolution for
POL targets and simulated altitude of 2000 feet
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FiS. C.31. A) Graph of angle subtended by target at recognition versus
SQF for the target recognition study of Chapter 4,
B) graph of angle subtended by target at recognition versus
SQF for the target recognition study of Chapter 5
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Fig. C.32. A) Graph of slant range to target at detection versus
SQF for POL targets and simulated altitude of 1000
feet, B) graph of slant range to target at detection
versus SQF for POL targets and simulated altitude of
2000 feet
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Fig. C.33. A) Graph of angle subtended by target at recognition
versus OFP for the target recognition study of
Chapter 4
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Fig. C.*.4 A) Graph of slant range to target at detection versus
GYP for o OL targets and simulated altitude of 1000
feeat* ) graph of slant range to target at detection
versus 01P for POL targets and simulated altitude of
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Fig* C.35. A) Graph of angle subtended by target at recognition
versus Limiting Resolution for the target recognition
study of Chapter 4, B) graph of angle subtanded by
target at recognition versus Limiting Resolution for
the target recognition study of Chapter 5
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Fig. C.36. A) Graph of slant range to target at datection versus
Limiting Resolutiov for POL targets and simulated
altituden of 1000 feet, B) graph of slant range to
target at detection versus Limiting Resolution for
POL targets and simulated altitude of 2000 feet
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Fla. C.37. A) Graph of angle subtended by target at recognition
varnus Ne for the target recognition study of Chapter 4,
3) graph of angle subtended by target at recognition
versus No for the target recognition study of Chapter 5
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Fig. C.38. A) Graph of slant range to target at detection versus
me for POL targets and simula~ted altitude of 1000
feet. B) graph of slant range to target at detection
versus N, for POL targets and asimulated altitude of
2000 feet
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APPENDIX D

STATISTICAL CALCULATION OF SIGNIFICANT DIFFERENCE
BETWEEN CORRELATION COEFFICIENTS

A method for determining whether or not two correlation

coefficients are significantly different was found in Fundamentat

Statistics in Pyholgyand Education by Guilford (1965). The method

was originally developed by Hotelling (1940). Equation (28), derived

by Hotelling, was used to calculate a t-value from which the level of

significance was obtained from a t-table.

¶ (N - 3) (1 + r 2 3 ) /2
,..' •tdr " (r12 -r13) 2 1 . . '(28)

2r3 - r12  r, + 2r 3r 1 2r 1 3 )

where

tdr - t score for a t-test

r12 0 correlation between performance and FOM I

r13 w correlation between performance and FOM 2

r 2 3 w correlation between FOM 1 and FOM 2

N m number of data points

N-3 w degrees of freedom

117
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It performance is represented by the variable XI, FOM 1 by X2 ,

and YOM 2 by X3 , then equation (28) is applicable only if X2 and X3

are correlated. This was the case for all of the lOM's investigated.

The hypothesis for this one-tailed t-test is that there to no

difference betveen Ir131 and (rISI or that IrISI is greater than r1•1.

The level of significance indicates the probability that this hypothesis

is tiue.
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